The impact of water use in areas with abundant freshwater resources should not be the same as areas with limited resources. This impact is quantified as water scarcity footprint. The monthly water stress index with reference to environmental water requirement is proposed as a characterization factor. The biofuel policies of Thailand-cassava and sugarcane for bioethanol, and oil palm for biodiesel-were selected for the assessment based on land expansion and displacement scenarios. Cultivation was found to be the most water intensive phase in producing both biodiesel and bioethanol. Thus, the proposed index was applied for assessing and selecting areas having low values of the water scarcity footprint. The results showed low values for expanding oil palm plantations on abandoned land and displacing plantation areas with low yields of maize and pineapple with sugarcane and cassava. Additionally, shifting the crop calendar could be considered to reduce the stress situation such as the central region can avoid the water scarcity footprint by 38% from shifting sugarcane cultivation. Consequently mitigating this potential impact and threats to the ecosystem based on specific circumstances and context would be achieved through applying the proposed index in water resource and land suitability planning.
Introduction
Although adequate freshwater resources exist globally, on average, these are not distributed equally across all regions. Thus, many regions face different levels of water scarcity either due to a decline in precipitation or a rise in water demand [1] [2] [3] [4] . The largest water user in the world is the agricultural sector [5] and for Thailand, known as an agricultural country, approximately 47% of land was utilized for agriculture as recorded in 2016 [6] . Additionally, water demand for the agricultural sector in the year 2016 accounted for 75% of total water demand of the country [7] . Accordingly, water demand for agriculture is a key influence placing pressure or stress on freshwater resources.
Alternative energies, especially biofuels for transportation, have been strongly promoted in Thailand. The Alternative Energy Development Plan (AEDP) was firstly introduced in 2003. Recently, the fourth revision of the AEDP was launched in 2015 with a target at 30% of alternative energy use in total final energy consumption by 2036 [8] . The new targets of biofuels for transportation in AEDP 2015 are 14 million liters per day (ML/day) of biodiesel and 11.3 ML/day of bioethanol [9] . The AEDP 2015 was introduced in the Thailand Integrated Energy Blueprint (TIEB) launched in the same year. The TIEB was first developed to achieve energy sustainability based on security, economy, and ecology. Accordingly, achieving the targets of biofuels in AEDP 2015 will affect both land and water requirements due to additional cassava and sugarcane cultivation for bioethanol production, and oil palm for biodiesel production. The government has promoted the agricultural economics crop zoning system based on agricultural land suitability recommended by the Ministry of Agriculture and Cooperatives (MOAC). Although the rainfall distribution and irrigation area maps are already included for defining land suitability, demands for water having a significant influence on water scarcity are not yet taken into consideration.
A concern on water scarcity has been addressed by several studies and, as a result, many approaches have been developed to deal with this issue. Availability and use of water are the concepts used in developing water-related scarcity indicators. The assessment of global water resources and water productivity with regard to the scarcity issue was first focused by the Water Footprint Network (WFN). The use of water was assessed in terms of water consumption volumes by source, and polluted volumes by volume of water needed to assimilate pollutants. Water scarcity indicators have also been developed by this network for assessing the consequence of depletion global water resources on both annual [10, 11] and monthly bases [12] [13] [14] in global water resource models. The indicators have continuously been improved for increasing accuracy and precision, as well as reducing the variance of simulation. Thus, the impacts of climate variability [15] [16] [17] [18] and human activities [16] [17] [18] on global water resources availability are taken into consideration by several studies. Accordingly, the indicators mainly focuses on a global level and provides specific information on the effect of human activities on both quantity and quality of water resources leading to the occurrence of water scarcity. To assess the potential impact of water scarcity caused by water use has also been accounted in life cycle assessment (LCA) according to ISO 14046:2014 [19] . The assessment based on ISO 14046 can be conducted either only for water scarcity or as a part of life cycle assessment including both water scarcity and water degradation. Thus, the goal and scope of the assessment play important roles in selecting modelling choices and approaches [20] . This has led to a significant progress in developing and improving water scarcity indicators for LCA [21, 22] .
Water stress index (WSI) of Pfister et al. [23] (known as the water scarcity indicator in LCA) is used as a characterization factor in terms of stress to relate a physical quantity of water use to the potential impact [24, 25] . Hence, the severity of the potential impact can be measured through this impact-based footprint approach. The withdrawal to availability (WTA ratio) is a basis of the WSI, thus, only volumes by source of water use are accounted for evaluating water stress [26] . The WSI has been quite widely accepted in the scientific community as stated in Nilsalab et al. [27] . In the case of Thailand, the annual and monthly WSIs have been developed by Gheewala et al. [28] [29] [30] . Consequently, the potential impact on freshwater resources from agrofuel feedstock cultivation in the study is assessed in terms of water scarcity footprint based on the LCA approach (ISO 14046) using the WSI.
However, demands for water are not only for humans, but also the environment. A river requires a certain amount of water remaining in a water body to sustain the river system to a desired environmental condition for ecosystem and human livelihoods. This certain amount of water is defined as the environmental water requirement (EWR). Different human and environmental demands for water depend on the local context; therefore, a balance between water demands for humans and environment needs to be fairly maintained. To address these issues, the monthly WSI proposed in this study is further improved from the methodology developed earlier by Nilsalab et al., considering the case of Thailand [27] . Consequently, this modified WSI is applied as a screening criterion for assessing the water scarcity footprint when selecting an area for cultivation of agrofuel feedstocks based on considering of all demands for and availability of water. Including this proposed approach into land suitability assessments could help to relieve water scarcity. The implications on freshwater availability of the biofuel targets in AEDP 2015 are evaluated as a case study.
Methodology
This section is divided into two parts: a methodology adjustment and an alternative energy development plan. The first part provides a brief of the water stress index (WSI) in relation to environmental water requirement (EWR). Then, EWR, in the context of Thailand, and the method of EWR assessment is further described. Application of the proposed method for assessing the water scarcity footprint of agrofuel feedstock cultivation in Thailand is detailed in the second part.
Methodology Adjustment

Water Stress Index with Reference to EWR
The WSI was firstly introduced by Pfister et al. [23] and the monthly WSI proposed later by Pfister and Bayer [31] . The WTA ratio accounted in the WSI includes water withdrawn for household, industry, agriculture, and livestock, and available water in terms of surface water estimated from statistical rainfall data [23, 31] . For the case of Thailand, the initial modification was done by incorporating EWR in the withdrawal term of WTA (then designated as WTA e ) based on the importance of EWR prioritized and allocated by the Royal Irrigation Department (RID). The corresponding WSI was then designated as WSI e . The critical threshold of stress situation was defined at the WTA e equal to 1, corresponding to the WSI e value of 0.5 [27] . Incorporation of EWR in the withdrawal term of WTA leads to reconsidering the critical threshold and the limit of the logistic function. The stress situation occurs when total demand (including EWR) starts to exceed the availability. Thus, the critical threshold is revised as the WTA e equal to 1, corresponding to the WSI e value at 1. This point indicates the equilibrium point and the beginning of the stress situation. Before reaching the critical threshold, the total available water is sufficient to supply both the human and environmental demands; this is characterized by the WSI e values ranging from 0 to 1. The values of WTA e exceeding the critical threshold are determined based on excess demand, whether human or environmental. If total demand exceeds total availability, the stress already exists as all the available water has already been used up. As a result, the WSI e values ranging from 1 to 2 are specified to indicate an increasing severity of the stress situation. The value of 2 is equivalent to total demands for water of human and environment leading to indicate the maximum limit of the equation. Accordingly, the monthly WSI e and classification expressed in Equation (1) and Table 1 are introduced as Thailand's monthly WSI e,THA : monthly WSI e,THA = 2
where WTA * e (the adjusted WTA e ratio) is obtained by multiplying the WTA e where the water withdrawal includes EWR, with the geometric standard deviation of annual rainfall. The constant value of −3.84 (the exponent of "e") in Equation (1) is computed based on the median of a set of variability of annual rainfall for Thailand, equal to 1.2 obtained from Gheewala et al. [28] . However, though Equation (1) is valid only for the case of Thailand, this equation and the constant value can be adjusted for other countries based on their precipitation data. The WSI e,THA is considered on a monthly basis; therefore, the annual variation of rainfall is accounted in the WTA The water scarcity footprint is assessed by means of the extracted amount of freshwater from resources that contributes to depriving other users of freshwater downstream of the watershed. Thus, it is calculated by multiplying the amount of freshwater withdrawal for any products or services with the WSI values. This potential impact was firstly introduced and called as water deprivation impact potential by Ridoutt and Pfister [32] . Accordingly, the water scarcity footprint is quantified by using Equation (2) . The monthly WSI e,THA is used for assessing pressure on water availability contributed by additional water requirement, and the amount of freshwater withdrawal refers to irrigation water. Based on the LCA approach, a non-conventional unit, "m 3 H 2 O eq " is defined as the unit of the assessment [29] :
Monthly water scarcity footprint (m 3 H 2 O eq /unit) = Monthly irrigation water for crop cultivation (m 3 /unit) × Monthly WSI e,THA (2) Accordingly, the monthly WSI e,THA is for Thailand's 25 watersheds are calculated using Equation (1) . Water withdrawals of the four significant sectors are quantified based on the national water demand standards for household, industry, agriculture, and livestock provided by RID [33] . The agricultural water in the RID's standard is assessed based on irrigated and non-irrigated areas. In this study, the RID's standard of EWR for 25 watersheds is considered to be recalculated as described in the following section. Water availability in terms of surface freshwater is assessed from statistical rainfall data during 2000-2011. The monthly WSI values with reference to EWR will be subsequently used for assessing the monthly water scarcity footprint.
Environmental Water Requirement (EWR)
The functions of EWR in the context of Thailand include maintaining aquatic ecosystems, the water level for transport, pollutant loads (dilution or push), fisheries (fish cage culture), and seawater intrusion, depending on location [33] . EWR based on the minimum flow approach may not correspond to reality due to the different uses of EWR. This leads to underestimation of water stress in some areas where the minimum flow cannot maintain the river function and ecological services. Accordingly, some areas facing this situation during the dry season may be visible in the monthly WSI.
The variable monthly flow (VMF) method proposed by Pastor et al. [34] is developed to deal with improper allocation of environmental flow during high and low flow periods. This method is verified with the three renowned hydrology-based methods including the Smakhtin, Tennant, and Tessmann methods and 11 local case studies using model simulation. Flow variations in terms of mean monthly flow (MMF) and mean annual flow (MAF) are taken into account for classifying stream flow discharge on a monthly basis. Flow variation including high flow (HF), intermediate flow (IF), and low flow (LF), is applied for the assessment of EWR. HF is defined at MMF higher or equal to 80% of MAF; then the amount of EWR is equal to 30% of MMF. 60% of MMF is estimated for the EWR in the period of LF where MMF is lower than 40% of MAF. IF is classified at MMF higher or equal to 40% MAF, and higher than 80% of MAF, then the amount of EWR is equivalent 45% of MMF.
With regard to influence of flow variation on the freshwater ecosystem, a small area available for aquatic habitat during the low flow period may lead to a higher stress on the aquatic ecosystems as compared to the high flow period. Accounting for EWR from 30% to 60% of MMF is defined as a fair condition for river ecosystem corresponding with Smakhtin et al. [35] . The VMF method indicates EWR during the low flow period at 60% of MMF which is consistent with the habitat requirements of fishes. Due to differences of water policy, ecological condition, and river functions, the thresholds of this method are allowed to be adjusted [34] . As a result, the VMF method is applied for calculating the monthly EWR for 25 watersheds of Thailand based on historical monthly rainfall data during 2000-2011.
Alternative Energy Development Plan (AEDP) 2015
To achieve the biofuel targets at 14 ML/day of biodiesel and 11.3 ML/day of bioethanol, potential feedstocks for biodiesel and bioethanol are evaluated also considering other demands, such as food, export, etc. This is to balance crop demands for food and fuel production. Accordingly, the potential of oil palm as a feedstock for biodiesel production is assessed based on the strategy of oil palm and palm oil for 12 years (2014-2026), the suitable area for oil palm plantation recommended by MOAC, and the remainder of domestic consumption. Potentials of sugarcane and cassava as feedstocks for bioethanol production are also similarly assessed. The targeted plantations of cassava and sugarcane in potential areas are supposed to be completed by 2026; therefore, production molasses from sugar factories and cassava will be stable until 2036 while an increase of domestic consumption continues at the same rate [8, 9] . The results of these two assessments are presented in Tables S1 and S2 of the Supplementary Information. Thus, water scarcity footprint assessment of agrofuel feedstocks cultivation is based on the information in these tables. Target of plantation and production of oil palm (Table S1 ) are taken into consideration in case of biodiesel. For bioethanol from cassava and sugarcane, plantation target, crop production, and the part of these two crops for ethanol production (Table S2 ) are accounted for in the calculation.
Scenario Analysis
The results of Thailand's monthly WSI e(VMF),THA are applied for assessing the water scarcity footprint of agrofuel feedstocks cultivation due to the biofuel targets. Achieving the plantation targets of the biofuel plans is considered in terms of expansion and displacement of land based on recommended areas for plantation by MOAC [36] .
Total oil palm plantations in 2015 were reported to be approximately 0.75 million ha (4.7 million rai) distributed over 85% in the south, 6% in the east, 4% in the center, 3% in the northeast, and 2% in the north [37] . Thus, the plantation target of biodiesel in 2015 (Table S1 ) has been reached. To meet the remaining targets, a further increase of oil palm plantations is required from 0.05 to 0.43 million ha during 2017-2036. The area of plantations is based on land suitability for oil palm plantations recommended by MOAC, including 26 provinces (Table S3) in the south, east, and center. Based on the land suitability recommendations, abandoned lands and para rubber displacement are taken into consideration. The displacement of para rubber with oil palm has been promoted by both the Office of the Rubber Replanting Aid Fund and the Rubber Authority of Thailand [38, 39] . About 1.55 million ha of total abandoned lands in the whole country were reported in 2013 with 15% in the south, 14% in the center, and 9% in the east.
In case of sugarcane, the Office of the Cane and Sugar Board reported an increase of sugarcane plantation from displacement of cassava, maize, and pineapple plantations [40] . Pineapple plantations have decreased since 2012 due to replacement by cassava and sugarcane [41] . Land expansion of oil palm (biodiesel) is considered based on expansion to abandoned lands (abandoned paddy fields and abandoned field crops), and para rubber displacement. The abandoned land is taken into account according to classification of land utilization by the Land Development Department (LDD) [42] . Expansion of sugarcane (for bioethanol) is through displacement of cassava, maize, and pineapple, whereas that of cassava is through maize and pineapple displacement. In addition, areas recommended by MOAC for oil palm, para rubber, cassava, sugarcane, maize, and pineapple are taken into account as the summarized recommended areas by province in Table S3 of the Supplementary Information [36] .
To calculate the value of the water scarcity footprint for each case based on Equation (2), the amount of irrigation water is obtained from the difference between crop water requirement (CWR) and the estimated amount of rainwater that is directly available to use by the crop, known as the effective rainfall. Thus, the water scarcity footprint is assessed based on the amount of irrigation water required to satisfy the total CWR regardless of whether the crops are cultivated in the designated irrigation or non-irrigation areas. This assumption is made because additional water will be needed for crop plantations in the non-irrigation area to maintain a crop growth or to increase a crop yield.
Crop Water Requirement
Water in crop cultivation is considered in terms of CWR; rainfall and/or irrigation water are the major sources of water. The volume of water needed by a crop is considered as the amount of water required to meet the water loss from the crop field by soil evaporation and crop transpiration processes, termed as evapotranspiration (ET c )-this term is represented as the CWR. This study will quantify the CWR of each crop by using a basic approach: ET c = K c × ET 0 (Equation (3)). According to influences of climate conditions and crop variety on CWR, the reference crop evapotranspiration (ET 0 ) and the crop coefficient (K c ) are developed to assess the ET c of any crop planted in any place and time.
Currently, the K c values of major crops planted in Thailand and ET 0 values by province are provided by RID and these two parameters are continuously revised and updated based on the meteorological data and agricultural policies. The latest ET 0 data are computed based on statistical climatic data by province (1966-2011) using the Penman Monteith method. Thus, the monthly ET 0 obtained is classified by provinces. Only the K c values of sugarcane and maize are available at RID [43] . The K c values of cassava and pineapple are obtained from Kwanyuen et al. [44] and Sajjapongse et al. [45] . For oil palm and rubber, the K c values are taken from Allen et al. [46] and the K c value at 1 for mature oil palm also corresponds to mature oil palm in Malaysia [47] . Kiadsom et al. [48] found that less water is required during the initial stages (0-3 years) of oil palm growth and this amount continuously increases when oil palm reaches the development stage. Additionally, this study showed that ET 0 values estimated from climate data are mostly lower than the ET values obtained from a lysimeter experiment (percolation type). However, the ET 0 based on the method of Penman Monteith provides the K c values quite close to the results obtained from the experiment. The K c values, as detailed in Table S4 of the Supplementary Information, applied in this study line up with several studies in Thailand and the Food and Agriculture Organization of the United Nations (FAO) reports [46] [47] [48] [49] [50] .
Classification of plant growth in this study is based on four main stages, including initial, mid-, and late development according to Allen et al. [33] . The wet season, during May-October, and the dry season, during November-May, are accounted for in all regions except for the south, where wet and dry seasons start from mid-May to mid-February and mid-February to mid-May, respectively [51] . The periods just before and just after the wet season are recommended by the Department of Agricultural Extension (DOAE) for starting the planting of all crops. Cassava plantation in the dry season is possible for some soil types having a high proportion of sand [52] . In the case of sugarcane, the early wet season is recommended for cultivating in irrigation areas, and the late wet season is suggested for other areas [53] . However, sugarcane cultivation during December to April is possible for areas which are close to sources of water [54] . Cultivating maize is highly recommended in the wet season whether during late-March to early-June (the early of wet season) or from mid-July to mid-August (the late of wet season) [55] . Pineapple can be cultivated in both wet and dry seasons depending on the weather and economic conditions; however, during January to April is recommended by the Department of Agriculture (DOA) [56] .
Results and Discussion
Implications on freshwater availability of the biofuel targets in the AEDP 2015 are assessed by means of the water scarcity footprint using the modified WSI. The hydrological (25 watersheds) and administrative (77 provinces) boundaries of Thailand are illustrated in Figure 1 . EWR is estimated based on the VMF method and taken into account in the withdrawal part of the modified WSI. Then the monthly WSI for 25 watersheds is determined and further applied for characterizing different levels of deprivation potential. 
Thailand's Monthly WSI with Reference to EWR by the VMF Method (Monthly WSIe(VMF),THA)
The monthly results based on Equation (1) in Table 3 revealed that Chao Phraya and Thachin are the two critical watersheds having a stress situation during the dry season, especially extreme stress in January and February. In addition, a severe stress situation in January is found in the Bang Pakong watershed. In the same month, the Prachin Buri and Yom watersheds encounter stress at moderate and severe levels, respectively. Hence, January and Chao Phraya seem to be the most critical month and watershed for the stress situation. In addition, watersheds under 'watch' and 'warning' areas are visible during the dry season, including Kok, Sakae Krang, Pasak, Phetchaburi, West Coast Gulf, East Coast Gulf, and Peninsula East Coast (Table 3) . Most of them are located in the central region. This is because the water demand is larger than water availability in that particular month.
The monthly WSIe results in Table 3 are calculated based on the monthly EWR. Regarding the classifications of the VMF method, all regions, except the south, showed that the high flow period (MMF ≥ 80% of MAF) occurs in May to October and the low flow period (MMF < 40% of MAF) from November to April. The period of high flow in the south is longer than the other regions, being from May to December. The study of Lim et al. [57] reported that the high flow and low flow of Ping watershed are found during the wet and dry seasons. The study by Wattayakorn [58] in the Bang Pakong watershed indicated a period of low flows from December to May and high flows from June to November. The VMF method addresses seasonal changes in rainfall in terms of monthly flow variation. As a result, the monthly results of the estimated EWR revealed that April is the critical month, which is of serious concern when ecosystems can be potentially threatened and the potential risk associated with water stress increases. The monthly results based on Equation (1) in Table 2 revealed that Chao Phraya and Thachin are the two critical watersheds having a stress situation during the dry season, especially extreme stress in January and February. In addition, a severe stress situation in January is found in the Bang Pakong watershed. In the same month, the Prachin Buri and Yom watersheds encounter stress at moderate and severe levels, respectively. Hence, January and Chao Phraya seem to be the most critical month and watershed for the stress situation. In addition, watersheds under 'watch' and 'warning' areas are visible during the dry season, including Kok, Sakae Krang, Pasak, Phetchaburi, West Coast Gulf, East Coast Gulf, and Peninsula East Coast ( Table 2 ). Most of them are located in the central region. This is because the water demand is larger than water availability in that particular month.
The monthly WSI e results in Table 2 are calculated based on the monthly EWR. Regarding the classifications of the VMF method, all regions, except the south, showed that the high flow period (MMF ≥ 80% of MAF) occurs in May to October and the low flow period (MMF < 40% of MAF) from November to April. The period of high flow in the south is longer than the other regions, being from May to December. The study of Lim et al. [57] reported that the high flow and low flow of Ping watershed are found during the wet and dry seasons. The study by Wattayakorn [58] in the Bang Pakong watershed indicated a period of low flows from December to May and high flows from June to November. The VMF method addresses seasonal changes in rainfall in terms of monthly flow variation. As a result, the monthly results of the estimated EWR revealed that April is the critical month, which is of serious concern when ecosystems can be potentially threatened and the potential risk associated with water stress increases. Setting EWR at the minimum flow is the simplest level to safeguard a river system, though this may not necessarily be appropriate for all situations. In the case of Thailand, the EWR serves several purposes; therefore, a comprehensive assessment of the EWR is recommended by addressing natural flow variability. Thus, the VMF method, which accounts for the variation in flow, is applied in this study. To illustrate the obtained results and make them more accessible for practice, the seasonal ranges of estimated EWR are presented in Table 3 . In summary, the low flow period occurring mainly in the dry season requires attention on the water scarcity and ecosystem under threat, especially for the case of Thailand. These issues seem to be getting worse in the dry season. Thus, appropriate water allocation and management plans are essential to address water scarcity and safeguard ecosystem. The monthly WSI with reference to EWR proposed as the screening indicator will provide information about current water uses and available water for water efficiency management planning. 
Applying the Monthly WSI e to Assess Implications of the Energy Plan
The 2036 biofuel targets with a concern towards the potential impact on freshwater resource and its ecosystem are considered by means of water scarcity footprint using the monthly WSI e(VMF),THA in Table 2 . In the case of biodiesel, the target is met by land expansion whereas in the case of bioethanol, through land displacement. The implications on freshwater use for these are elaborated in this section.
Land Expansion of Oil Palm (Biodiesel)
The calculation of CWR is related to the two factors, K c and ET 0 . The same K c values for perennial crops are applied for oil palm and para rubber. Thus, the monthly ET 0 value reported by province is a significant factor affecting the results of monthly CWR. The ranges of ET 0 by region are 2.58-5.50 in the North, 2.96-5.45 in the northeast, 2.90-5.47 in the center, 2.84-5.00 in the east, and 2.85-4.88 in the south. The CWR of oil palm and para rubber re quantified for each of the 26 provinces.
The results of the estimated monthly CWR for oil palm and para rubber are presented in Table 4 . The monthly results showed no significant difference between the dry and wet seasons. The CWR of oil palm and para rubber in the central region is higher than the other two regions. The obtained results are presented based on area of plantation instead of crop yield because the amount of water requirement is applied to determine the severity of stress situation rather than the efficiency of water use.
As oil palm and para rubber are mainly cultivated in non-irrigation areas, rainfall is the only source of water which may or may not satisfy the total amount of CWR. As additional water (irrigation) is usually not applied, the potential impact on freshwater resources does not occur.
Watering in the dry season is recommended for oil palm plantation as the studies of Hongchotitanawadi and Wongsupaluk [59] showed that yield of oil palm plantation under only rain-fed conditions are significantly less than that with irrigation. According to Hongchotitanawadi and Wongsupaluk [59] , crop production throughout the year increases by approximately 6.3 tonne/ha. Installing a drip irrigation system will cost around 40,000-44,000 THB/ha (1 USD = 33.5 THB) depending on the size of plantation and water resources [60] ; therefore, the payback period is around 1.5-2 years assuming an FFB price of 4000 THB/tonne. Additionally, fertilizers can be applied through this type of irrigation [60] . Thus if additional water (for irrigation) is provided, the potential impact on freshwater resources must be considered. To fulfil total CWR of oil palm, the amount of irrigation water is calculated for each province as detailed in Table 5 . The monthly results in Table 5 are represented as monthly irrigation water requirements for 1 ha of oil palm cultivated in each province. Irrigation is highly required in the dry season and this requirement starts to increase since November for provinces in the east and center, but not in the south.
The monthly WSI e(VMF),THA are applied as a characterization factor for assessing the water scarcity footprint of 26 provinces based on a watershed boundary. The results obtained are presented in Table 6 . The first column shows the numbers of provinces recommended for plantation, and the numbers of related watersheds are displayed in the top row. Remark: S, E, and C mean south, east, and center. Chumphon  706  636  415  517  -154  ------Ranong  1061  1042  573  451  ------271  476  Surat Thani  580  900  255  672  45  154  83  280  ----Nakhon Si  Thammarat  -620  -487  -42  144  -----Phatthalung  110  685  192  424  397  363  489  496  258  ---Phuket  990  1121  389  345  -------454  Krabi  957  1185  354  328  -------384  Trang  924  1213  638  475  -------528  Songkhla  809  995  478  404  -------72  Satun  736  1002  544  468  128  162  280  353  ----Pattani  818  707  ---------42  Yala  201  767  391  610  -125  ------Narathiwat  -716  5  830  80  104  149  124  ----East   Phangnga  962  893  111  178  -------542  Chachoengsao  1182  787  521  250  -7.9  ---65  756  1077  Prachin Buri  1032  927  886  589  -----14  954  1229  Sa Kaeo  1205  921  1109  655  84  50  ----932  1139  Chon Buri  1104  1043  989  842  349  257  388  356  --962  1205  Rayong  928  652  746  556  ---153  --870  986  Chanthaburi  933  701  556  181  ------773  1066  Trat  897  289  249  -------657  818   Center   Pathum Thani  1086  768  768  765  -82  ----801  963  Phetchaburi  663  1173  1078  1094  488  349  361  368  --732  922  Prachuap Khiri Khan  1046  1195  903  958  258  446  367  358  184  -610  1035  Nakhon Nayok  546  -174  240  110  -262  334  -495  1106  938  Saraburi  659  379  835  768  413  75  486  593  412  546  1043  780 Table 6 . Water scarcity footprint of oil palm plantation in in the south, east, and center (by province) based on watershed boundary. The results revealed that the most critical watersheds are Bang Pakong and Chao Phraya due to the largest amounts of additional water requirement. Other than these two critical watersheds, two watersheds in the east (Prachin Buri and East Coast Gulf) and the south (Peninsula West Coast and Peninsula East Coast) should also be looked at carefully. Hence, expansion of oil palm plantations into the center, especially Chao Phraya and Bang Pakong watersheds, should be avoided. The expansion could be supported in the East and the south, in particular on the abandoned field crops. Expansion into forestry area is illegal in Thailand. LDD [42] reports approximately 0.23 and 0.14 million ha of total abandoned lands in the east and south. Para rubber plantations in unsuitable areas are also suggested to be displaced. These areas include Ranong, Surat Thani, Nakhon Si Thammarat, Phatthalung, Krabi, and Phangnga, which are in Peninsula West Coast, Thale sap Songkhla, Tapi, and Peninsula East Coast. The most suitable areas having low values of water scarcity footprint are suggested in Tonle Sap (east), Tapi, and Pattani (south).
As mentioned at the beginning of this part on distribution of oil palm plantation over the country, the plantations are usually being expanded in areas that have been abandoned or have other crops (mainly rice) being planted. Thus, the current economic activity in the regions (not abandoned) is agriculture. Staple crops cultivated in the south and east are quite similar due to weather conditions; therefore, oil palm, as well as para rubber, are expanded to the east. On the other hand, in the center, rice and field crops are staple due to large areas under irrigation. The key factors motivating farmers on planting decision are market opportunity and farm resources [61, 62] . The farmers will accept crop replacements if income generated by the changes is higher than for the crops that are already being cultivated, and their farming resources are applicable for that change. Accordingly, the economic activity may not be affected by banning palm plantation in areas that are deemed less suitable for palm because the farmers can continue to be engaged in growing their traditional crops. In fact, the farmer's risk can be reduced by banning palm plantation in unsuitable areas. For example, the study of Wongwai and colleague [63] on oil palm cultivation management of farmer in the upper north revealed that a higher income and misunderstanding of oil palm characteristics (drought-tolerant and easy-to-care) are important factors for making a decision. Lack of water supply during the dry season, misapplication of fertilizer (high cost and lack of scientific knowledge on fertilizers), and mismanagement of oil palm plantations may result in lower yield. Thus, the farmers could not benefit from unsuitable areas along with mismanagement of oil palm plantation, though the perceived economic benefit was the motivation for the change to oil palm.
Situational Scenarios of Displacement for Sugarcane and Cassava (Bioethanol)
Total plantations of sugarcane and cassava are targeted at 2.56 and 1.36 million ha in 2026. Based on crop plantation area in 2015 [37] , sugarcane needs around 0.81 million ha of additional plantations while the expansion of cassava plantations is not required. Cassava plantations were reported in 2015 at 1.49 million ha which is already over the target; therefore, the production plan of cassava focuses on increasing yield. In case of sugarcane, approximately 0.29, 0.24, and 0.28 million ha of the additional plantations are targeted for 2017, 2019, and 2026, respectively, based on the roadmap of MOAC [64] .
The suitable areas recommended by MOAC for sugarcane, cassava, maize, and pineapple in the north, northeast, east, and center are taken into account. The results of estimated monthly CWR for these four crops are presented in Table 7 .
Sugarcane shows the highest amount of monthly CWR as it has a longer crop cycle than the other crops. The growth cycle of maize is shorter than the other crops; however, the K c values of maize are quite similar to those of cassava and higher than pineapple. Pineapple shows the smallest values of K c . If these four crops will be planted in the same province, the monthly CWR of pineapple is less than that of maize and cassava. Furthermore, the center is found as the critical area because of the largest amounts of CWR for all crops revealed. This is because most of areas in the central region are under irrigation as compared with the other regions; therefore, total CWR is taken into account for quantifying total water for irrigated crops.
Plantations of sugarcane, cassava, maize, and pineapple in Thailand are found in both irrigation and non-irrigation areas. Additional water supply for plantations in non-irrigation areas is recommended for increasing crop yield [45, 50, 65, 66] . Yield of sugarcane and cassava plantations under only rain-fed conditions are significantly less than those with irrigation. Based on the past 10 years of crop production data, cassava and sugarcane yields are approximately 21 and 66 tonne/ha; these yields are under rain-fed conditions and significantly less than that with irrigation. Applying drip irrigation significantly increases the yield of cassava and sugarcane to 44-56 tonne/ha and 113-125 tonne/ha, respectively [65, 66] . About 5 kg of cassava and 4 kg of molasses are required to produce 1 L of ethanol. Therefore, the water productivities of ethanol from cassava and sugarcane cultivated in non-irrigation areas are 0.61 L of cassava-based ethanol/m 3 of water and 0.98 L of molasses-based ethanol/m 3 of water. As mentioned above, installing the irrigation system will increase crop yield and will consequently affect the water productivity. Supposing yields of cassava and sugarcane with irrigation are 44 and 113 tonne/ha [65, 66] , the water productivity of ethanol from cassava and molasses would be 1.03 and 0.72 L/m 3 , respectively. N  488  540  727  763  675  568  545  521  305  321  297  277  NE  554  584  746  752  687  616  602  561  329  348  340  326  E  599  565  679  682  613  550  554  522  296  320  343  359  C  575  599  766  755  686  620  603  573  321  333  340  342 Remark: N, NE, E, and C mean north, north east, east, and center.
Sugarcane requires very high amounts of irrigation water and the lowest amount of irrigation water is required by pineapple. The irrigation water requirement for cassava and maize are not much different. The requirement of irrigation water observed at Chao Phraya, Khong, Chi, Mun, and Thachin watersheds are 0.254, 0.247, 0.199, and 0.185 million m 3 /ha, respectively. The irrigation water requirement is used for assessing the water scarcity footprint, which is similar to the case of biodiesel. Water scarcity footprint results of sugarcane, cassava, maize, and pineapple are presented in relation to the suitable areas for establishing plantations. Thus, administrative and watershed boundaries are associated with the results obtained. The results of each crop shown in Tables S5-S8 in the Supplementary Information are classified based on regions including north, north-east, center, and east. These tables contain the results similar to Table 6 .
The central region shows very high values of water scarcity footprint for all crops, as a result the displacement should not be supported in this region, especially in Chao Phraya and Thachin, due to the constraint in freshwater availability. Yom, Khong, Mun, and Bang Pakong watersheds should also not be considered because of high values of the water scarcity footprint in these watersheds. Although the irrigation water requirement of Bang Pakong is less than Chi watershed, the results of the water scarcity footprint obtained from Bang Pakong are higher. This is because the monthly WSI e(VMF),THA results during the dry season of Bang Pakong watershed are higher than Chi watershed. Additionally, the high results obtained are mainly found in the dry season especially during January to March for sugarcane and pineapple, and during November to January for cassava. Maize is found during April to June because of its growth cycle. Therefore, shifting the crop calendar could be considered to reduce stress situation especially in January. The results of water scarcity footprint revealed that the center has the largest possibility of facing a stress situation. By shifting the crop calendar of sugarcane from October to earlier in June, this critical region can avoid the water scarcity footprint of sugarcane by 38% (66,082 m 3 H 2 O eq ). Moreover, Ang Thong, a province in the center, relying on the Chao Phaya and Thachin watersheds, and having the highest water scarcity footprint value of sugarcane, can reduce it by 32% (7940 m 3 H 2 O eq ) by shifting the crop calendar.
To move forward with the bioethanol targeted in the AEDP 2015 based on reducing water stress could be achieved by selecting areas having low values of water scarcity footprint. The suitable watersheds showing low values of water scarcity footprint are recommended at Tonle Sap (east) and Ping (north). In addition, unsuitable land and low yield could be further considered for displacing plantation areas of maize, pineapple, and cassava with sugarcane. Cassava is suggested for displacement in the east and northeast. Maize is suggested for displacement by both sugarcane and cassava in the east followed by the north and the northeast. Similarly, pineapple is proposed for displacement in the north and east. Furthermore, using irrigation to increase crop production is recommended for both sugarcane and cassava plantations.
Conclusions
The potential impact on freshwater resources is determined in terms of water scarcity footprint using the monthly WSI with reference to EWR. This proposed approach is established based on all demands for, and availability of, water depending on the local context. A comprehensive approach for safeguarding local water resources is enabled by explicit incorporation of EWR. For the case of Thailand, the variable monthly flow approach is more suitable than the minimum flow for estimating EWR. Water stress to downstream users, as well as threats to ecosystem could be alleviated through applying the proposed approach, to determine priority areas of action for agricultural land suitability and water resource management. The results obtained will help confirm confidence in how much freshwater can be extracted sustainably without causing water competition between human activities and the environment (ecological system).
Consequently, including the proposed approach into the land suitability assessment based on the low water scarcity footprint helps to identify appropriate areas for agrofuel feedstock cultivation. Application to AEDP 2015 revealed that expansion of oil palm plantations to abandoned land is preferable; however, the expansion to the central region should be avoided. Low productivities of maize, pineapple and cassava could be considered for displacement by sugarcane as this will lead to a low possibility of facing a stress situation. Moreover, shifting the crop calendar could be considered to reduce the stress situation, especially in January. There may also be potential for greater use of water storage to enable the irrigation of crops in months of high water stress.
Supplementary Materials: The supplementary materials are available online at www.mdpi.com/2073-4441/9/ 12/919/s1. Table S1 : Potential of palm oil for biodiesel production (2015-2036); Table S2 : Potential of cassava and sugarcane (molasses) for bioethanol production (2015-2026); Table S3 . Number of recommended provinces for economic crop plantations by MOAC; Table S4 . Crop coefficient (K c ); Table S5 . Water scarcity footprint results of sugarcane plantation in the north, north-east, east and center (by province) based on watershed boundary; Table S6 . Water scarcity footprint results of cassava plantation in the North, North-East, East and Center regions (by province) based on watershed boundary; Table S7 . Water scarcity footprint results of maize plantation in the North, North-East, East and Center (by province) based on watershed boundary; Table S8 . Water scarcity footprint results of pineapple plantation in in the North, North-East, East and Center (by province) based on watershed boundary.
